In order to identify suitable substrate materials for sue in high-temperature pressure sensors that can operate above 1000°C, the high-temperature properties of four high-performance ceramics (99% pure Al 2 O 3 (99Al 2 O 3 ), 97% pure Al 2 O 3 (97Al 2 O 3 ), sapphire, and ZrO 2 ) were investigated. ree-point bend testing was used to measure the flexural strengths and flexural moduli of these ceramics, and transient laser emission was used to measure their thermal conductivities. e samples were prepared by hotpress sintering: plates with the dimensions of 3.5 × 5 × 50 mm 3 for the bend testing and rods of φ12.5 × 1.5 mm 3 for the thermal conductivity measurements. Curves showing the dependence of flexural strength, flexural modulus, and thermal conductivity on temperature were obtained. e results show that the flexural strength and thermal conductivity of sapphire are much greater than those of the other ceramics tested. us, we conclude that sapphire is the most appropriate of these materials for use in hightemperature pressure sensors for operation at up to 1000°C.
Introduction
Recently, high-temperature sensors have attracted much attention due to their excellent performance in harsh environments, such as high temperatures, high pressures, and corrosive atmospheres, and when subjected to strong mechanical shocks. For example, pressure monitoring in aircraft engines is of great importance for the correct functioning of aircraft. Currently, high-temperature pressure sensors that have been studied in-depth include silicon on insulator (SOI) high-temperature pressure sensors [1, 2] , SiC high-temperature pressure sensors [3] , silicon-sapphire pressure sensors [4] , fiber optic pressure sensors [5] , surface acoustic wave (SAW) pressure sensors [6] , resonance circuit (LC circuit) pressure sensors [7] [8] [9] , and microwavescattering resonance pressure sensors [10] . Among these high-temperature pressure sensors, the LC circuit pressure sensors based on high-temperature cofired ceramic (HTCC) alumina substrates can operate at temperatures above 800°C. In the literature [11] , ceramic-based temperature sensors have shown to operate above 1000°C. By considering the various substrate materials of these high-temperature sensors, it can be concluded that the base materials of the hightemperature sensor must maintain stable performance in harsh environments. Four common high-temperature ceramics, 99Al 2 O 3 , 97Al 2 O 3 , sapphire and ZrO 2 have good oxidation and corrosion resistance, even in harsh environments. Since the materials processing technology for these ceramics is very mature, it is anticipated that it will be possible to use them to prepare high-temperature sensors that can operate above 1000°C. us, we have chosen these four refractory ceramics for this study.
e mechanical and thermal properties of refractory ceramics are of great importance for their use as the substrate materials for high-temperature pressure sensors. Any variation in the temperature can significantly affect the sensor performance, particularly under contact conditions, where stress levels are especially high.
ere are several methods which can be used to assess mechanical properties.
ree-point bend testing has been used to measure the strength of composite ceramics [11] [12] [13] [14] ; while the Hertz indentation test has been used to measure the stress-strain properties of alumina and zirconia ceramics [15] . For the Hertz indentation test, three conditions are required: firstly, the deformation of the contact surface should be low; secondly, the contact surface must be oval; and, thirdly, the contact objects should behave as elastic half-spaces. Only if all three of these conditions are satisfied, the measurements can be regarded as Hertz contacts and the test can be valid. For the three-point bend method, the loading is relativity simple and the required sample dimensions are also small; however, due to the highly localized loading, the sample does not experience uniform force. is may result in defects in some parts of the sample escaping detecting and affect the accuracy of the measurement. Since the samples in this study are relatively uniform and the defect distribution is homogeneous, the authors chose to use three-point bend testing to investigate the mechanical properties of the ceramics.
For the measurement of thermal properties (such as thermal conductivity), commonly used tests include steadystate methods and unsteady-state methods. Steady-state methods include the heat flow meter method and the hot plate method; unsteady-state methods include the hot wire method and transient laser emission method. Steady-state methods are limited to measuring longitudinal thermal conductivity, and the effective temperature ranges are limited. Additionally, these methods are primarily suited to low thermal conductivity materials and thermal insulation materials. In a previous paper [16] , three methods for thermal conductivity measurement were presented, and each method had its own advantages and disadvantages. In another study [17] , a transient short hot wire technique was developed for the simultaneous measurement of thermal conductivity and thermal diffusivity; the effects of the thermophysical properties and the size of the hot wire, insulation coating, and samples were investigated. In the hot wire method, it is necessary to insert the hot wire into the sample before testing, and a larger sample size is required. Taking into account that the Mohs hardness of these four kinds of ceramics is relatively large, this method is not very convenient to measure these ceramic samples in this study. Laser flash methods, such as transient laser emission, have been employed to measure the thermal properties of ceramics and metals and may also be suitable for measuring the thermal properties of polymers [18] [19] [20] [21] . e advantage of laser flash methods is that the sample can be small, the detection speed is high, and the effective temperature range is wide. During the test, only the relative temperature is measured, obviating the need to calibrate the instrument for absolute temperature measurements. Because of these advantages, the authors chose the transient laser emission method to measure the thermal conductivity in this study.
By measuring the mechanical and thermal properties of high-temperature ceramics over a temperature range from 25°C to 1500°C, we can assess their suitability for use in the preparation of sensor devices for ultra-high-temperature environments.
Determination of the Test Parameters
Owing to the operational mechanism of pressure sensors, the magnitude of the flexural modulus of the substrate directly affects the sensitivity of the pressure sensor. For resonant pressure sensors, when a given amount of pressure is applied to the surface of the sensor, a structure with a larger flexural modulus will produce a stronger signal. Further, the magnitude of the flexural strength determines the maximum measurement range of the sensor, and a pressure sensor with a lager flexural strength will be able to measure higher pressures.
ermal conductivity is another important property of temperature-resistant materials; this is defined as the energy transferred per unit cross-sectional area per unit time when the vertical temperature gradient is 1°C/m. In high-temperature pressure sensors, the magnitude of the thermal conductivity directly affects the response time of the sensor and the accuracy of the measurement.
e greater the thermal conductivity of the substrate, the smaller the temperature difference between the sensor and its environment, resulting in shorter response times and higher measurement accuracies.
Test Principles and Equipment

Flexural Test.
In this study, three-point bend testing was used to measure the flexural strengths and moduli of the ceramics at different temperatures; this involves applying a load between two points of the sample until the sample is crushed. e measurements were carried out using WKM-2200, which is developed by Ukraine Strength Research Institute, shown in Figure 1(a) . e schematic of this system is shown in Figure 2(a) . Using a tungsten-rhenium thermocouple and the heating wire, the temperature around the test specimen can be measured and controlled. e force applied to the specimen is adjusted via the motor, which is controlled by the motor driver and computer. e load applied to the specimen is recorded by the pressure sensor, and the loaddisplacement curves were recorded, as shown in Figure 2(b) . e samples, namely, 99Al 2 O 3 , 97Al 2 O 3 , sapphire, and ZrO 2 , with the dimensions of 3.5 × 5 × 50 mm 3 , prepared by hotpress sintering, are shown in Figure 3(a) .
During the measurement, the temperature is raised to the measurement temperature and held for 10 min to stabilize.
en, the load is applied gradually so that the specimen undergoes bending deformation. In the initial deformation stage, the test sample will bend elastically. From the intercept of this linear region of the curve, and (1) and (2), the flexural modulus E b of the sample can be obtained:
In (1) and (2), L s is the span of the three-point bending test, which refers to the distance between two support points below the specimen; and b and h are the width and height of the specimens, respectively. e maximum bending force, F b is extracted from the measured load-de ection curve; the bending strength σ b can be calculated using the following equations:
ermal Conductivity Test.
For the thermal conductivity measurements, an LFA-427 (Netzsch) laser thermal conductivity meter were used, shown in Figure 1(b) . e samples for the thermal conductivity measurements had the dimensions of φ12.5 × 1.5 mm 3 and were prepared by hotpress sintering, as shown in Figure 3(b) . LFA-427 comprises a laser, a vacuum heating furnace, and temperature measurement, and data acquisition and processing units.
According to the de nition of thermal conductivity, the relationship between thermal conductivity k, thermal di usivity α, speci c heat capacity C, and material density ρ can be expressed as
In order to obtain the thermal conductivity of the material, it is necessary to measure the thermal di usivity α and speci c heat capacity C of the material. At a speci ed temperature, the sample is uniformly irradiated by a laser pulse, resulting in an instantaneous increase in the surface temperature.
is surface serves as the hot end of the temperature gradient, and energy transfer to the cold end (upper surface) occurs via one-dimensional heat transfer. An infrared detector is used to measure the temperature of the upper surface. e half-temperature rise time (t 1/2 ) when the temperature of the upper surface rises to half of the maximum value T M is recorded. e thermal di usivity α can Advances in Materials Science and Engineeringthen be calculated using the following Fourier heat transfer equation:
To measure the specific heat capacity C of the materials, a standard reference sample, with similar cross-sectional shape, thickness, thermal properties, surface roughness, and a known specific heat capacity C (std) is required. e reference sample and the test sample were subjected to surface coating at the same time. e definition of the specific heat capacity is shown in the following equation:
where Q denotes the energy absorbed by the sample, ΔT denotes the temperature change after laser irradiation, and m is the mass of the material. From this, it is possible to obtain the following equation:
when the energy absorbed by the reference and test sample is the same, that is, Q std � Q sam , (8) can be replaced by the following equation:
Test Results and Analysis
e flexural properties of 99Al 2 O 3 , 97Al 2 O 3 , sapphire, and ZrO 2 at 25°C, 800°C, 1200°C, and 1500°C were measured using three-point bend testing, and load-displacement curves were obtained. Combining (1-4) , the flexural strengths and flexural moduli of these ceramics at each temperature can be obtained. Plots of flexural strength and flexural modulus versus temperature are shown in Figures 4(a) and (b), respectively.
For the thermal conductivity measurements, graphite was selected as the standard reference sample. A temperature ramp of 20°C/min from 25°C to 1500°C was used. e thermal diffusivity and specific heat capacity were measured directly, and (3) was used to calculate thermal conductivity; these results are shown in Figure 5 .
As shown in Figure 4 (a), the flexural strengths of sapphire and ZrO 2 at 25°C are 740.8 MPa and 603.1 MPa, respectively, while the flexural strengths of 99Al 2 O 3 and 97Al 2 O 3 are 292.7 MPa and 272.8 MPa, respectively. Above 900°C, the flexural strengths of the ceramics decrease to almost 50% of their values at 25°C. At 1500°C, the reduction in the flexural strengths of sapphire and ZrO 2 , which maintains strengths of around 150 MPa, is less than that for the alumina ceramics.
As shown in Figure 4 (b), at 25°C, the flexural moduli of the alumina samples are greater than those of the sapphire and ZrO 2 sample. At 900°C, the flexural moduli of the alumina ceramics and sapphire decrease to approximately 46% of their value at 25°C, whereas the flexural modulus of ZrO 2 reduces to 25.414% of its value at 25°C. At 1200°C, the flexural modulus of 99Al 2 O 3 is 12.12 GPa, greater than that of 97Al 2 O 3 (9.21 GPa), sapphire (9.93 GPa), and ZrO 2 (6.19 GPa) .
As shown in Figure 5 (a), the thermal conductivities of these ceramics rapidly decrease as the temperature increases from 25°C to 800°C and remain stable at temperature above 1000°C. Although the thermal conductivity of ZrO 2 at 
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1500°C is still over 60% of its value at 25°C, it is still significantly lower than the thermal conductivities of the alumina ceramics and sapphire. At all temperatures, sapphire has the highest thermal conductivity among the four ceramics tested.
Conclusion
In this work, three-point bend testing and transient laser emission were used to determine whether four ceramics are suitable for use as substrate materials for high-temperature pressure sensors; 99Al 2 O 3 , 97Al 2 O 3 , sapphire, and ZrO 2 were the ceramics investigated. e flexural moduli and the flexural strengths of the alumina ceramics and sapphire make them suitable for use as substrate materials in hightemperature pressure sensors for operation above 1000°C. Sapphire is suitable for use as a substrate in sensors operating in the environments above 1200°C. In terms of the thermal conductivity, high-temperature pressure sensors made from sapphire can achieve shorter response times and higher test accuracies than those made from other materials. e thermal conductivity of ZrO 2 is too low and will lead to large errors if used as a substrate material for high-temperature pressure sensors. However, this low thermal conductivity renders it suitable for use in thermal insulation. Advances in Materials Science and Engineering 5
